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The Dzyaloshinskii-Moriya interaction (DMI)
1,2 is an antisymmetric magnetic exchange interaction, which stabilizes chiral non-collinear magnetic states. It occurs due to spin-orbit interaction in an inversion-asymmetric crystal field. In competition with other magnetic interactions, such as magnetocrystalline anisotropy, it can lead to the occurrence of chiral domain walls [3] [4] [5] , spin spirals 6, 7 , magnetic skyrmions 8, 9 and anti-skyrmions 10 .
Magnetic multilayers or ultrathin magnetic films in contact with a substrate or a layer with strong spinorbit interaction (SOI), such as 5d metals, are important material classes where DMI arises, and then it is commonly referred to as interfacial DMI. In such systems, chiral magnetic structures have been theoretically predicted 11 and experimentally observed [12] [13] [14] . Especially skyrmionic magnetic objects exhibit fascinating properties: they are compact chiral solitonic objects and probably the smallest stable magnetic textures 15 , their topological nature adds to the stability of skyrmions, and they can be efficiently moved by spin-orbit torques. The magnetic texture imposed by DMI may have also technological implications for more mature technologies such as new generations of magnetic memory, logic or neuro-inspired skyrmion based devices 16 .
In spite of extensive research efforts over the past years, many fundamental questions remain unresolved. Of particular interest is the relation of DMI with structural inhomogeneities, such as grain boundaries 17 , single atomic defects 18 , step edges, roughness and intermixing. It is evident that the magnetic properties of nano-scale objects alter significantly as a result of such inhomogeneities 19 . As an example, reconstruction lines in Fe/Ir(111) lead to an alteration of the wavefront of spin spirals 20 and finally to the stabilization of skyrmions that are not axially symmetric 21, 22 .
Another aspect that is strongly linked to structural defects is the pinning of skyrmions and domain walls. Several micromagnetic simulations show that materials with a granular structure pin skyrmions, where the exchange stiffness 23 , magnetocrystalline anisotropy [24] [25] [26] or DMI 27 are altered from one grain to the next. As shown by Legrand et al. 27 , the impact of pinning is strongly enhanced if the grains and skyrmions are of similar size. In line is the observation that materials with an amorphous crystal structure seem to exhibit less pinning than polycrystalline samples 28 . On the other hand, is has been shown that the DMI is sensitive to the interface quality: in a symmetric Pt/Co/Pt stack, the DMI from the two interfaces cancel nearly perfectly (as theoretically expected) only if the growth is epitaxial 29 . In contrast, a finite DMI is observed if the upper and lower interfaces are of different crystallographic quality, which can be fine-tuned by sputtering-deposition conditions 30 .
However, many details are still not understood on a microscopic level, e.g., how such a modification of DMI could arise and how large it can be. For example, tuning the pressure during sputtering deposition may change the roughness as well as the intermixing at an interface 30 , which are difficult to disentangle experimentally. Here, ab initio calculations can unambiguously predict the impact of certain structural modification and hence guide experimentalists in their optimization of samples.
In this Letter, we study the effect of two different modifications of an interface between a magnetic material and a heavy metal on the DMI by density-functional theory calculations. At first, we introduce chemical intermixing of atoms at the interface and secondly, we chemically modify the interface by dusting with various chemical elements. We choose the prominent Co/Pt bilayer for our study, as it combines several features in favor of spintronics applications: a strong perpendicular magnetic anisotropy in thin Co-films, a strong interfacial DMI, as well as a large spin Hall effect arising from Pt.
The studied systems are composed of a slab of 10 atomic layers of Co(0001) on 10 atomic layers of Pt(111), continued by two semi-infinite vacuum regions in the ±z-directions. This thickness is sufficient to suppress any artifacts from the surfaces of the finite slab on properties like the DMI. We use optimized structural parameters as described in the supplementary material. We next cal- culate magnetic properties from density-functional theory in local density approximation 31 by employing the Korringa-Kohn-Rostoker (KKR) method 32 . We model intermixing at the interface by means of the Coherent Potential Approximation (CPA) 33 by replacing the Pt and Co interface layers by an alloy Pt 1−x Co x and Co 1−x Pt x , respectively (see Fig.1 ). Hence, increasing x from zero, which corresponds to the ideal interface (see Fig. 1 (c)), we arrive for x = 0.5 at the situation that 50% of the interface Co-layer diffused into the Pt layer and vice versa (which we call "fully intermixed interface"). Upon further increasing x > 0.5, the interface layers tend to become more ordered but inverted in the composition as compared to x < 0.5, hence representing a {Co(0001)|Pt|Co|Pt(111)} structure for x = 1 (see Fig. 1(d) ).
Moreover, in order to investigate the potential of tuning the DMI by dusting of the interface by a third chemical element, as it could be experimentally achieved e.g., by co-sputtering, a second series of calculations has been performed. As dusting element Z we chose all 4d elements as well as other prominent elements for spintronics applications, e.g., Au or Bi (see results for details). To account for a realistic concentration profile, the chemical disorder is included in the first two substrate layers by replacing the Pt1 and Pt2 layers (see Fig. 1(a) ) with the alloy layers Pt 1−c Z c and Pt 1−c/2 Z c/2 , respectively, where c controls the degree of dusting.
As far as the DMI is concerned, pair-interactions are extracted with the method of infinitesimal rotations [34] [35] [36] , which yields parameters for an atomistic spin-lattice model, where the DMI-part for the case of chemical disorder reads
Here, D ξ,χ iµ,jν is the DMI vector between two atoms which are situated at sites specified by (i, µ) and (j, ν), where the first and second index denote the unit cell and layer indices of the slab, respectively (see Fig. 1(b) ). The symbols ξ and χ label the chemical types (i.e. Co, Pt or Z) at these given sites with respective concentrations c, where
Obviously, it is not very transparent to analyze all values of such a high-dimensional space of DMI quantities, and it does also not correspond to the experimental reality where usually a scalar quantity, such as a frequency shift or a period length, is related to the DMI. Hence, we derive an effective quantity that relates the DMI to a single, experimentally measurable quantity. Such a quantity is the DMI spiralization 37 , which can be understood as the effect of DMI on coherently rotating spin-spirals in the long-wavelength limit,
where the rotation matrix R turns the spin-spiral's rotation axis from its local z-axis into the directionn, R i is a lattice vector and τ µ is the position of atom µ in the unit cell. Both, coherent rotation in all layers and long-wavelength limit are reasonable assumptions for Co-based systems because of their strong ferromagnetic nearest-neighbor exchange interaction. Inserting the ansatz (2) into the DMI part of the spin-lattice model (1) yields for spin-spirals along the propagation direction e γ in the long-wavelength limit
with atom-pair specific spiralization tensors
N denotes the number of unit cells in the crystal and R 0µ,jν = R j +τ ν −τ µ . The spiralization tensors are 3×3 matrices, but due to the C 3v symmetry of the crystal, only two components that are related by antisymmetry, D yx = −D xy , are non-vanishing. Hence, we succeeded in combining all the contributions of the DMI into an effective scalar quantity,
We note that care has to be taken when determining the spiralization, because the sum in Eq. (4) is difficult to converge due to a long-range oscillatory (RKKY-type) behavior of the DMI contributions in metallic samples (see supplementary material).
We first discuss the magnetization and atomic magnetic moments (see Fig. 2 ) across the slab. In the interior of the Co part, the magnetic moments take the bulk-value of 1.69 µ B , which corresponds to a saturation magnetization of M S = 1250 kA/m, being slightly enhanced at the surface and interface by 8% and 7%, respectively (see Fig. 2(b) ). In the clean case, the magnetization and moments in the Pt part drop quickly and have only a sizable contribution in the first Pt interface layer (0.25 µ B ). This value agrees very well with experimental ones obtained by XMCD on Pt/Co/Ir multilayers 38 . Upon inclusion of disorder, we see essentially two modifications: Firstly, the magnetization in the intermixed region (see gray zone in Fig.2 ) naturally washes out due to Co dilution and exhibits an intermediate value of about 700 kA/m for the completely intermixed interface. However, the local Co moments are even more enhanced as compared to the clean interface (1.95 µ B in the nominal Co-layer, and 2.03 µ B for Co atoms which have been alloyed into the nominal Pt layer, see Fig. 2(b) ). Such an increase is in line with a narrowing of the d bands and promoted magnetism due to the progressive reduction of like-nearest neighbors: from 12 in the bulk, via 9 at the clean interface, until in average 7.5 and 4.5 for the Co moments at the fully intermixed interface in the nominal Co and Pt-layers, respectively. Secondly, the induced moments in the Pt-part are also enhanced and the decay into the Pt-bulk is slightly slower as compared to the clean interface. However, the induced Pt moments only contribute little to the total magnetic moment of the slab (around 2%), in accordance with previous studies 39 . All Co moments in the intermixed layers vary linearly as function of intermixing x (not shown).
Next we turn to the Dzyaloshinskii-Moriya interaction. For the clean interface, we determine an interface spiralization of D tot = 1.16 meV nm/u.c. = 2.78 pJ/m, being in perfect agreement to earlier calculations on a system with comparable structural setup but calulated with a different electronic structure method 37 . This value is somewhat larger than the experimentally determined interface DMI for the Co/Pt interface, which ranges between 1.2 and 2.2 pJ/m 13,14,40-43 depending on the experimental details. We note for completeness, that standard micromagnetic DMI parameters are obtained by dividing the interface spiralization by the thickness of the Co layer, yielding a DMI of 2.53 mJ/m 2 for a 1.1 nm thick Co film.
Upon inclusion of intermixing, the DMI drops by only 20% for x = 0.2, and remains rather constant for stronger intermixing (0.2 < x < 0.8) (see Fig. 3(a) ). For x > 0.8, where the system tends to become more ordered again, DMI drops again by about 10%. This very robust DMI against intermixing constitutes one of the main messages of this work and results from compensating trends for the individual pair contributions to the total spiralization: the dominant intralayer spiralization from the interface Co-layer (i.e.ŷ · D
Co1 Co1
·x, which we simply term Co1-Co1 spiralization) continuously drops with x (see red curve in Fig. 3(b) ), but at the same time, the intralayer spiralization in the next Co-layer (i.e. Co2-Co2) increases and yields the strongest contribution for x > 0.5.
This trend can be intuitively understood by considering two aspects: the local inversion asymmetry and spinorbit strength mediated by the surrounding Pt atoms. The interface Co-layer (Co1) exhibits the strongest structural inversion asymmetry for x = 0, getting reduced for increasing intermixing (as also evident from the magnetization profile, see Fig. 2(a) ), whereas the Pt-content in the same and adjacent layers remains constant. In contrast, both measures increase with x for the Co2 layer, in line with the increasing DMI spiralization for Co2-Co2 and interlayer Co1-Co2 contributions. Interestingly, all contributions add with the same chirality and hence cause an overall large DMI (except negligible Co2-Co2 contributions for x < 0.2).
We shortly comment on the convergence of the DMI spiralization tensor in Eq. (4) with respect to the number of neighbors included: taking neighbours up to a distance of 6 a lat into account or whether alternatively applying a careful extrapolation technique yields consistent results. We find taking only nearest neighbors into account greatly fails to predict the robustness of DMI against intermixing at the Co-Pt interface (see Fig. 3 (a) and supplementary material for details).
We briefly compare to the scarce data on the influence of intermixing in the literature: Wells et al. 30 controlled in symmetric Pt|Co|Pt trilayers the quality of the upper and lower interface by different annealing temperatures during the growth of the stack. They observe a net DMI on the order of D = 0.25 pJ/m 44 and anticipate it to be mostly due to intermixing, which is compatible to the 20% decrease found here. In another study, Lavrijsen et al. 45 have noticed a certain insensitivity of DMI against growth conditions in contrast to the magnetocrystalline anisotropy, the latter one changing by a factor of 3, supporting our findings of a robustness of DMI.
A second objective of this work is to examine the possibility to tune the DMI by dusting the substrate. We included the dusting element in the first and second Pt layers with concentrations c and c/2, and choose c ∈ {0.1, 0.3, 0.5}. Fig. 4 summarizes the results showing always a reducing effect of dusting on the DMI, irrespective of the dusting element Z or the chosen degree of dusting (compare to D tot = 2.78 pJ/m of the clean interface, as indicated by the dashed line in Fig. 4 . A few general trends can be deduced: a stronger dusting always results in a stronger decrease of the DMI. Upon light dusting, we obtain a maximal reduction of DMI by 30% for early 4d elements (Y-Nb), whereas for strong dusting, the reduction is stronger (65%) and shifts towards the middle of the 4d series (Tc and Ru). In fact, a pronounced step in the DMI evolves in the middle of the 4d series as c is increased. A striking insensitivity of DMI is obtained for an interface which is dusted with Au: even for large doping concentrations (c = 0.5), we obtain only a 15% reduction. In contrast, upon dusting the interface with the similarly 'heavy' element Bi reveals a huge destructive effect (−65%) for c = 0.5.
In conclusion, we have investigated the effect of intermixing and dusting of the Co/Pt interface by densityfunctional theory calculations. We reveal a peculiar robustness of DMI against intermixing: after an initial drop by only 20% of the large value for the ideal Co/Pt interface, a nearly constant DMI was computed for a broad range of degrees of intermixing. We explain this as a compensation effect, where not only the Co-interface layer, but many more layers add constructively to yield a robust spiralization. These are import informations for DMI based technologies as variations in growth lead only to small changes of the DMI. Secondly, we demonstrate that the DMI can be modified by dusting the interface with a third chemical element. Dusting of Pt by 4d metals, Bi, Cu or Au, always reduces the DMI, and the reduction can be as large as −65%, which may also show that Pt-produced DMI values are not easy to top. An interesting insensitivity with respect to the dusting with Au is obtained, which might be exploited to keep the strong DMI of the Co/Pt interface, but engineer some other key property for spintronics. Overall, our findings motivate experimentalists to exploit the degree of intermixing and dusting to engineer interface properties.
See supplementary material for structural details of the DFT calculations and additional information on the convergence of DMI spiralization.
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